Absorption Cross-Section and Near-Field Enhancement in Finite-Length Carbon 
Nanotubes in the Terahertz-to-Optical Range 
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Electromagnetic characteristics of single- walled finite-length carbon nanotubes - absorption cross- 
section and field enhancement in the near zone - are theoretically studied in a wide frequency range 
from terahertz to visible. The analysis is based on the impedance-type effective boundary conditions 
and the integral equation technique. Comparison with experimental results is carried out allowing 
qualitative physical interpretation of low-frequency (far-IR and terahertz) absorption band observed 
in experiments. Potentiality of CNTs for the IR photothermolysis of living cells is discussed. Strong 
local field enhancement is predicted to be inherent to metallic CNTs in the near-field zone providing 
necessary mechanism for far-IR and terahertz near-field optics. 
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I. INTRODUCTION 

Promising potentiality of nano-scale objects and nano- 
structured systems for transmission and processing elec- 
tromagnetic signals motivates active and permanently 
growing investments into studying their electromagnetic 
response. A new branch of physics of nanostructures 
nanoelectromagnetics is currently emerging. Among 
others, carbon nanotubes 1 - (CNTs) are of special inter- 
est owing their unusual electronic and mechanical prop- 
erties, temperature stability and quasi-one-dimensional 
nature. Single- walled CNTs are hexagonal networks 
of carbon atom rolled up into cylinder ~ 1 — 3 nm 
in diameter and ~ 0.1 — 10 /im in length. Recently, 
CNTs were proposed for realization of different inte- 
grated circuits elements and electromagnetic devices, 
such as transmission lines^^, interconnectors&i&SJii 
and nanoantennasli^^^^^^^^^^. First 
experimental realization of the CNT-based radio 
have been report e d 22 > 23 and potentiality of CNTs 
as terahertz and infrared light emitters has been 
demonstrate d 24 ' 25 i 26 ' 27 i 28 ' 29 i 30 . Strong absorbance of 
CNTs in optical and terahertz range a 31 ' 32 i 33 ' 34 i 35 can 
be used for electromagnetic stimulation of nan- 
otubes inside living cells to afford various useful 
functions 3 -^ and, in particular, for the selective cancer 
photothermolysi a 36 ' 37 i 38 ' 39 . Note that the plasmonic pho- 
tothcrmal therapy using gold nanoparticles has emerged 
to be highly promising for cancer therapy and is fast 
developin g 40 : 41 ' 42 . 

Obviously, the nanophotothermal effect is expected to 
be efficient only in the maximal-absorption band whether 
it be the plasmon resonance in metal nanoparticles or ge- 
ometrical (antenna) resonance 1 - 4 in CNTs. As different 
from the plasmon, the antenna operating frequency is dic- 
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tated by the CNT length and therefore provides spectral 
tunability of the method. Moreover, the strong slowing- 
down effect characteristic for the surface wave propaga- 
tion in CNTs 2 - shifts geometrical resonances to the red 
opening far-infrared and terahertz ranges for the nan- 
othermolysis. Although water is opaque in the terahertz 
range preventing most living cells from the CNT-based 
terahertz photothermal therapy, the method can be use- 
ful for tissue with low water content, e.g. fatty tissue. 
Of course, elaboration of a consistent theory of the CNT- 
based photothermolysis of living cells is a global scientific 
problem comprising many physical, chemical and biolog- 
ical subtasks. Among others, the heat transfer between 
CNT and fluidic cell volume is of special interest, first of 
all because it is governed by specific thermodynamics of 
CNTs. It should be emphasized that the nanothermody- 
namics as a whol o 43 ' 44 and, in particular, the thermody- 
namics of CNT o 45 ' 46 : 47 ' 48 essentially differ from the clas- 
sical macroscopic thermodynamics. However, even so, 
the absorbtion cross-section A (A), where A is the wave- 
length, remains to be a basic quantity defining exterior 
heat source in the cell. 

That is why theoretical prediction of spectral proper- 
ties of the CNT absorbtion cross-section A(A) is a crit- 
ical problem for many medical and electromagnetic ap- 
plications of CNTs. In our paper we present a theory 
of electromagnetic wave absorption by finite-length car- 
bon nanotubes in a wide spectral range from terahertz 
to visible frequencies. The theory allow correct interpre- 
tation of experimental results reported in Refsi 32 : 33 ' 34 : 35 
- a resonant behavior of dielectric properties of single- 
walled CNT film in terahertz and infrared regimes. Ex- 
planations of the behavior by the phonon resonanc e 35 : 49 
or energy gap due to the CNT curvature 5 ^ do not re- 
spond the question properly. Indeed, as was mentioned 
by Bommeli et al£^, the far-infrared (terahertz) absorp- 
tion resonance is temperature independent and therefore 
can not be related to phonon modes. Moreover, the ab- 
sorption peak shifts in frequency when measuring differ- 
ent specimens, and consequently cannot be strictly con- 
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sidered as an intrinsic properties of the nanotubes like a 
phonon mode. This is reasonable argumentation against 
the phonon model. As for the second explanation, no 
direct calculations of the curvature impact on the scat- 
tering and absorbtion properties of CNTs have been pro- 
vided for comparison with experimental data. 

Recently, we have propose d 14 ' 17 alternative explana- 
tion of the quasi-resonant behavior of dielectric proper- 
ties of CNTs in terahertz and far-infrared region. We 
have found that owing to the strong slowing down of 
surface waves (plasmon-polariton modes) in CNTs^, the 
geometrical (antenna) resonances are shifted to the red 
and, for micrometer-length CNTs, appear to be in the 
terahertz range. This is pure finite-length electromag- 
netic effect which dictates the peculiarities of IR and 
teragertz properties of CNTs. In the present paper 
we utilize the finite-length CNT model combining the 
quantum-mechanical dynamic conductivity 2 and the in- 
tegral equations method 51 , for solving the electrody- 
namic boundary-value problem. That allows us to give 
a satisfactory explanation of experimental date^ 4 - for the 
CNT film absorbance in a wide frequency range. We also 
investigate the CNT ability to produce highly localized 
electromagnetic fields - extremely interesting property 
for near-field optics, realization of the Parcell effect for 
terahertz-range emitters and as a means for the surface 
plasmon excitation in metallic substrates. 



II. THEORETICAL CONSIDERATION 

In theoretical analysis of electromagnetic properties 
of finite-length CNT we combine methods of classical 
electrodynamics and semiclassical physical kinetics, see 
Refsj^i^ 4 -. The latter means that the motion of 7r-electrons 
in CNT is described as classical motion of quasi-particles 
with quantum dispersion law accounting for the hexago- 
nal crystalline structure of graphene and quantization of 
the transverse momentum. This allows us to formulate 
effective boundary conditions for electromagnetic field 
on the CNT surface in the form of two-side anisotropic 
impedance boundary conditions-. The CNT electronic 
properties are incorporated into analysis by means of the 
surface impedance tensor. In this case the problem of 
the CNT-based antenna is reduced to the boundary- value 
problem of classical electrodynamics. 

Let an isolated single- walled CNT of length L and cross 
sectional radius R be aligned parallel to the z axis of the 
cylindrical coordinate system (p, tp, z). The origin of co- 
ordinate system is located at the point z — in the geo- 
metrical center of the CNT. The nanotube is exposed to 
external field with E% (z, R) exp(-iujt) as z-component; 
u> is the angular frequency. This field induces in CNT 
axial surface current of the density j (r) , which reradiates 
the scattered field. Assuming the CNT radius to be small 
as compared to the free-space wavelength, we neglect the 
transverse current in CNT. We also neglect azimuthal 
variations of the axial current on the CNT surface, that 



is we set j(r) = j(z)e z , where e z is the unit vector along 
the CNT axis. 

The electric Hertz potential of scattered field H(p, z) 
satisfies the Helmholtz equation and radiation condi- 
tions, and can be represented in the form of single-layer 
potential: 

IL(p,z 

where 
G(z,p,R) 
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^exp (ik^ p 2 + R? — 2Rp cos tp + z- 
^Jp 2 + R 2 - 2Rp cos ip + z 2 



dtp . 

Imposing boundary conditions on the CNT surface^ we 
arrive at the integral equation for the current density: 
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where a is the CNT axial conductivity derived via quan- 
tum transport theory 2 -, whereas C and D are unknown 
constants to be determined from the edge conditions 



j(±L/2) = 0, 



(4) 



which express the absence of concentrated charges on the 
CNT edges z= ±L/2. 

Generally, Eq. can not be solved analytically. For 
numerical solution the integral on the right side of Q 
is numerically handled by a quadrature formula, thereby 
transforming Eq. ([3]) into a matrix equation. Solution 
of matrix equation gives axial current density j{z) along 
CNT. The spatial distribution of the non-zero component 
of the scattered electromagnetic field in arbitrary point 
can be found as follows: 



_ d 2 U 
Ep ~dp~d~z' 



E z = 



\dz 2 



fc 2 )n, H^ = ik^-. (5) 

dp 



The CNT absorption cross-section along the z-axis is 
determined by the relation 



A = P t /h , 



where 



Pi 



nRRe | - 



L/2 



L/2 



\j(z)\ 2 dz 



(6) 



(7) 



is the power loss due to current dissipation, and Iq is 
the intensity of incident electromagnetic wave; for plane 
wave 7 = (c/8tt)|£;1 0) | 2 . 
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Electromagnetic characteristics of CNT demonstrate 
qualitatively different behavior in two fundamentally dis- 
tinguishing regimes. The hrst one, further referred to as 
the Drude conductivity regime, is characterized by the 
propagation of low-attenuated surface waves^ and corre- 
sponding geometrical resonances 1 ^ in finite-length CNTs. 
The resonances are due to intraband motion of conduct- 
ing electrons. The second one - called as the optical 
transitions regime - is determined by the interband tran- 
sitions of electrons. In the Drudc conductivity regime, 
CNT is analogous in many respects to macroscopic RF 
wire antenna ^ 12 ' 13 ! 14 . Regime of optical transitions has 
quantum nature and, consequently, has no macroscopic 
analogs. The angular frequency u) e , which divides the 
Drude conductivity regime (u> < u> e ) and the regime of 
optical transition (uj > uj e ), depends on the electronic 
and geometric properties of concrete CNT. From the ap- 
proximate relation for the density of electron states^ 2 - one 
can found that uj e w 2vp/R and uj e « 2vp/(3R) for 
metallic and semiconducting CNT, respectively; vf is is 
the 7r-electron velocity at the Fermi level. 

As has been shown in Refs. 14,15 , in the range of inter- 
band transitions the surface waves in single- walled CNTs 
are strongly attenuated. Therefore, the surface current 
density j{z) in a nanotube exposed to external electric 
field obeys with high accuracy the Ohm's law, 



(8) 



which is indeed the first Born approximation of scattering 
theory in application to Eq. ([3]). 

The use of Eq. ([5]) as an approximate solution of the 
integral equation ([3]) is only possible when the local elec- 
tric field on the CNT surface is much smaller than the 
external electric field, i.e. the relation 



«\Ei°\R,z)\ 



(9) 



holds true over the CNT length. 

Note that the solution © docs not satisfy the edge 
conditions However, the error is strongly localized in 
the vicinity of the edges and therefore does not influence 
the field formation in far-field region; analogous situation 
appears, for example, in the theory of diffraction by an 
aperture in infinitely thin perfect screen^ 1 -. A comparison 
of the exact solution by Eq. ([3]) with approximate calcu- 
lations by Eq. ([5]) shows that the latter one can serve for 
high-accuracy evaluation of CNT scattering and absorp- 
tion parameters in the interband transition regime. 

Substitution of (gj) into Eqs. and © leads to the 
simple formula for the absorption cross-section of iso- 
lated CNT in the interband transitions regime in the z- 
direction: 



A = Re(cr). 



(10) 



In that regime, this formula can be directly applied to cal- 
culation of the absorbance of a bundle of parallel CNTs. 



As has been shown by Hao and Hanson 1 - , in the regime 
of interband transitions the electromagnetic coupling of 
carbon nanotubes composed in a planar array is very 
low. Therefore, the current in an individual tube of the 
array can be found from (JQ). Extending that result to 
CNT bundle comprising N nanotubes, we arrive at the 
formula 



Ar 
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for the absorption cross-section of the bundle in the di- 
rection parallel to its axis. In this expression, A m is ab- 
sorption cross-section of mth CNT. Because of the strong 
electromagnetic coupling of metallic CNTs in the Drude 
conductivity regime 1 ^, in this regime the formula (jlip 
can not be applied to bundles comprising more than one 
metallic CNT. 



III. NUMERICAL RESULTS 

A. CNT absorption cross-section 

Figure [1] demonstrates the normalized absorption 
cross-section T(A) = A(A) / (2RL) of (9,0) metallic zigzag 
CNT for different CNT lengths L and different electron 
mean free-path time r. The value r is used under cal- 
culation of the axial conductivity 2 - a and is assumed to 
be constant over the whole frequency range considered. 
As it is seen, three different bands are distinguished in 
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FIG. 1: Normalized absorption cross-section F(A) of (9,0) 
zigzag CNT; curve a: L — 100 nm, r = 2 x 10~ 14 s, curve 
b: L = 500 nm, r = 2 x 10" 14 s, curve c: L = 6000 nm, 
t = 2 x 10~ 14 s, curve d: L = 500 nm, r = 1 x 10" 13 s. 



Fig. [TJ characterizing the (9,0) CNT interaction with 
electromagnetic field: the Drude conductivity regime 
~ 1 A 4111 )) the optical transitions regime (A < 0.5 //m), 
and the intermediate regime (0.5 < A < 1 /im). 

In the regime of Drude conductivity the cross-section 
F(A) demonstrates a set of resonances. Intensity of res- 
onances grows smaller as wavelength decreases, whereas 



4 



the length L increase shifts the resonances to the red 
and leads to their broadening (compare lines a and b in 
Fig. Q]) , so that they completely disappear at sufficiently 
large L (see line c). The same effect is observed with 
the increase of r, compare lines b and d, while the res- 
onant wavelengths do not depend on r. Physically, the 
resonances depicted in Fig. [T] are the geometrical (an- 
tenna) resonances^ whose wavelengths are dictated by 
the condition of the standing surface wave to be settled. 
In view of conditions (|1]) the resonant wavelengths are 
approximately determined by 

2Lc=s\ s v(\ s ), s = 1,3,5..., (12) 

where v(X) is the surface wave phase velocity at the wave- 
length A. It should be noted, that in the Drude con- 
ductivity regime the surface waves in CNT are strongly 
slowed down£: v(X) <C c. Therefore, accordingly to (fT2)) 
the resonant wavelength is much longer than the CNT 
length: X s 3> L. For example, line a in Fig. [1] shows 
three first geometrical resonances of 100 nm length CNT 
at Ai = 12.7 /im, A2 = 4.9 /im and A3 = 3.2 /im. 

In the short- wavelength regime (A < 0.5 /im) the spec- 
tral dependence T(A) also demonstrate a set of reso- 
nances, which are due to 7r-electron transitions between 
valence and conduction bands. Obviously, in this regime 
the normalized absorption cross-section does not depend 
on the CNT length (see Fig. [J) and is completely deter- 
mined by the CNT conductivity accordingly to Eq. (TIT))) . 
The CNT conductivity resonances correspond^ to Van- 
Hove singularities of the density of states of 7r-electrons. 

In the intermediate region, both interband and intra- 
band motion of 7r-electrons contribute into the CNT con- 
ductivity. Our calculations shows that in this range the 
quantity T(A) turns out to be very small, has no res- 
onances and practically does not depend on the CNT 
length (compare lines a, b and c in Fig. [TJ, while demon- 
strates strong dependence on r. 



B. Comparison with experiment 

The experimentally registered by Hu et alM- normal- 
ized absorbance A c of a film comprising a sparse disor- 
dered array of finite- length bundles of single- walled CNTs 
is depicted in Fig. O by solid line. The plot has been 
extracted from Fig. G of cited article. In this article, 
the CNT bundles were found to have average diameter 
2.7 nm and length L < 2 /im. The dashed curves in 
Fig. [U show calculated absorption cross-section Ab of a 
bundle of three zigzag tubes (one metallic and two semi- 
conductor CNTs) with chiral vectors (13,0), (12,0) and 
(11,0). The semiconductor nanotubes (13,0) and (11,0) 
have been chosen because their first interband transitions 
fit well the experimentally observed extremums in the 
high-frequency part of the absorption spectrum, as it is 
seen in Fig. [21 The low-frequency pick on the theoret- 
ical curve is completely due to geometrical resonance of 
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FIG. 2: Comparison between experimentally observed nor- 
malized absorbance A c of single- walled CNT film, taken from 
Fig. 6 in Refi^ 4 -, and calculated normalized absorption cross- 
section A 6 of CNT-bundle. The 1.2 /im length CNT bundle 
consists of three zigzag tubes with chiral vectors (13,0), (12,0) 
and (11,0), respectively. In calculations we set r = 2.2 x 10 -14 
s for plot (o) and r = 1 x 10 -13 s for plot (b). 



surface wave in metallic (12,0) CNT, whereas the contri- 
bution of semiconductor CNTs in this frequency range is 
negligibly small. Position of the peak on the frequency 
axis is determined by the CNT length, while its width is 
dictated by the electron free-path time r. In figure [^a) 
both parameters have been chosen to provide the best 
correlation with the experimental plot: L = 1.2 /zm and 
t = 2.2 x 10~ 14 s. The later parameter turned out to be 
very close to that in graphite. 

As one can see, theoretical curve follows the main pe- 
culiarities of the experimental one. Of course, varia- 
tion of number of CNTs in the bundle and their chi- 
ral vectors modifies positions of peaks and their intensi- 
ties. However, overall picture of the phenomenon is kept 
unchanged permitting the use of the bundle absorbtion 
cross-section as a model of the absorption in composite 
film with CNT bundles embedded. The model allows 
a qualitative physical interpretation of experimental re- 
sults. In particular, as conductivity of all CNTs has plas- 
mon resonance in the ultraviolet range at A p i = enh/jo = 
230 nm (for 70 = 2.7 eV), the dependence Ab(A) also has 
a resonance at this wavelength. This resonance is well 
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defined in the experimental plot. Thus, the main conclu- 
sion which follows from the comparison is that the exper- 
imentally observed absorption pea k 32 ' 33 ! 34 ' 35 , laying be- 
low the range of interband transitions, can certainly be 
attributed to geometrical (antenna) resonances of consti- 
tuting finite-length CNTs, inhomogeneously broadened 
due to size dispersion in composites. It should be em- 
phasized that the problem of inhomogeneous broadening 
is critical for the correct quantitative interpretation of ab- 
sorption experiments in realistic CNT-based composites 
and requires distinct serious analysis which is far beyond 
the scope of given paper. 

Figure [2fb) shows the same absorbance of the com- 
posite film as in Fig. [21(a) (solid line) and normalized 
absorption cross-section of the same CNT bundle as in 
Fig. [2Ja) but for the value r = 1 x 10 -13 s (dashed line). 
The picture illustrates strong dependence of the antenna 
peak linewidth of the CNT bundle on r. 



C. Near-zone field enhancement in finite- length 
CNT 

Currently, there exists a considerable interest to optics 
of metal nanoparticles, largely due to their plasmonic 
properties 5 - 3 - and ability to produce giant and highly 
localized electromagnetic field o 54 ' 55 . Important appli- 
cations include microscopy 5 ^, spectroscopy 5 -^, optoelec- 
tronic devices 5 ^ and, as aforementioned, photothermoly- 
sis of living cell o 40 ' 41 ! 42 . Naturally, one can expect man- 
ifestation of analogous effects in metallic CNTs. Since 
their conductivity in the infrared (terahertz) regime has 
Drude-like behavior, the propagation of surface waves 
along the CNT axis^ is provided, which are analogous to 
plasmon-polariton wave in elongated metallic particles 53 . 
The surface wave propagation is accompanied by the field 
localization near the CNT edges. Further we discuss this 
effect on more details. 

The spatial structure of electric field in the near zone 
is conveniently characterized by the intensity enhance- 
ment factor f(r,w) = |E(r, uj)\ 2 /\E^ | 2 , where |E(r,w)| 2 
is electric field intensity distribution and |E(°) | 2 is electric 
field intensity of incident plane-wave illumination. One 
can expect that in the vicinity of geometrical (antenna) 
resonance the spatial and frequency variables are sepa- 
rated to a high accuracy allowing the enhancement factor 
expression as 



£(r,w) 



<p(r) 



(13) 



where uj\ is the angular frequency corresponding to the 
first geometrical resonance, Q is Q-factor of the resonant 
mode, and (p(r) is a spatial distribution function. 

The field intensity distribution near finite-length CNTs 
illuminated by a plane wave with the electric field vec- 
tor directed along CNT axis is presented in Fig. [3] 
The incident wavelengths correspond to the first geo- 
metrical resonances of chosen CNTs. The constant-value 




FIG. 3: The const ant- value lines of the intensity enhancement 
factor £(r,u>i) in the vicinity of the right half of (9,0) zigzag 
CNT with the radius R = 0.36 nm and the length (a) L = 100 
nm, and (b) L — 500 nm. In both cases r = 2 x 10 -14 s. 
CNT is shown by the thick line. The incident wavelength 
corresponds to the first antenna resonance: (a) Ai = 12.7 jum 
and (b) Ai = 57 /im. 



lines of the intencity enhancement factor £(r, u>i) ~ ip(r) 
are depicted. As the field distribution at resonance fre- 
quency is symmetrical with respect to the plane z = 0, 
i.e. £(r,o>i) = £(— r, u>i), the right half of CNTs is only 
shown. 

Figure [3] demonstrates considerable, £ ~ 500, and in- 
creasing nearby edges the near-zone field enhancement. 
Such a spatial distribution of the field intensity is dic- 
tated by general principles of electrodynamics and can 
easily be understood from the absence of free charges at 
the CNT tips (mathematically they are geometrical sin- 
gularities of the surface) resulting in the field localization 
near the tips 5 ^. The simplest example is a perfectly con- 
ducting scmiinfinite plane described by the spatial dis- 
tribution function (p(r) ~ | r | 1 ; here r is the distance 
from the plane verge. In more realistic models the verge 
is described by strongly curved but regular functions 5 ^. 

The intensity enhancement factor versus wavelength 
calculated in a fixed point ri at different r is depicted in 
Fig. 2] As one can see, maximum magnitude of £ strongly 
increases with r and reaches e.g. 5000 for r = 1 x 10 -13 s, 
which corresponds to the electron mean free path ^100 
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FIG. 4: The intensity enhancement factor £(ri,A) vs wave- 
length for 100 nm length metallic zigzag (9,0) CNT at differ- 
ent magnitudes of the free-pass time: r = 1 X 10 _ s (solid 
line), and r = 2 x 10~ 14 s (dashed line). Calculation has 
been performed for the space point given by cylindrical coor- 
dinates pi = 1 nm and z\ = 47.5 nm of the coordinate system 
presented in Fig^a). 

nm. Experimental results indicate that r in single- walled 
CNTs in the regime of Drude conductivity can be much 
higher than in normal metal 5 ^. Thus, the intensity en- 
hancement factor 5000 and even bigger is quite reachable. 

It can easily be shown that in the vicinity of the an- 
tenna resonance Ai = 2ttc/oji the dependence £(ri,A) 
depicted in Fig. 2] follows the Lorentz resonant line, sup- 
porting therefore our assumption resulted in Eq. (|13p . 
In the vicinity of resonance the enhancement factor is 
reduced to a product of two partial independent factors, 
one of which is completely determined by the geometrical 
singularities of the CNT at its tips, while the second one 
- by the frequency singularity due to antenna resonance. 
Note that the same structure of the field enhancement 
factor, i p i = LlrLsppr, has been revealed for rough 
surfaces of metals^ - and for metallic nanoparticle o 54 i 55 in 
the vicinity of plasmon resonance (the field and the inten- 
sity enhancement factors, L p \ and £ respectively, are re- 
lated by L p i — V? )■ Llfi and Lsppr are the partial fac- 
tors denoting to the lightning rod effec t 55 ! 60 and plasmon 
resonance, correspondingly. Comparison shows that the 
lightning rod effect physically is identical to mechanism 
described for CNTs by the factor tp(r) (Llr = y/ ip(r) ), 
whereas resonant coefficient in (| 13[) corresponds to the 
factor Lsppr'- instead plasmons characteristic for metal 
particles, surface waves propagate in CNTs. The dif- 



ference is that the field enhancement in metal particles 
is observed in the range of plasmon resonance, i.e. in 
the wavelength range 400 — 1300 nm, while the CNT an- 
tenna resonance at realistic CNT lengths occupied the 
far-IR and terahertz regions. The use of CNT bundles 
instead isolated CNTs shifts the operating range in the 
short-wavelength direction^. 

IV. CONCLUSION 

In the paper, we have modeled absorption cross-section 
and near-zone field enhancement in isolated single-wall 
carbon nanotubes in a wide spectral range - from ter- 
ahertz to optical frequencies. Comparison with experi- 
ments on absorption properties of CNT-based composites 
allowed proposing a qualitative interpretation of observed 
peculiarity - resonant-like behavior of the absorbance be- 
low the range of interband transition. We state the peak 
to be due to geometrical (antenna) resonance of surface 
waves in finite- length CNTs. As the phase velocity v 
of surface wave in CNT is 50 — 100 times smaller than 
the speed of light in vacuum, the first geometrical reso- 
nance of this wave occurs for the tube length 50 — 100 
times smaller than the incident wavelength. In other 
words, for typical CNT lengths 0.1 — 1 /im the antenna 
resonance-induced peak is shifted into far-IR or tera- 
hertz region. Note that a hypothetical rode with bulk 
conductivity of gold and with radius below 0.5 nm is 
also characterized by a strong slowing down of plasmon- 
polariton mode^ (c/v = 50 — 100). However, fabrica- 
tion of such thin metallic rods is technologically difficult 
problem. Another advantage of CNT comparing with 
metallic antenna is considerable time of electron mean 
free path in the regime of Drude conductivity, that likely 
leads to stronger field localization near CNT, than near 
the realistic metallic antenna. Therefore, CNTs look ad- 
vantageous for systems operating in far-IR or terahertz 
regions, directed to both optoelectronic and biomedical 
applications. 
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